The small guanosine triphosphatase Ran loaded with GTP (RanGTP) can stimulate assembly of the type V intermediate filament protein lamin B into a membranous lamin B spindle matrix, which is required for proper microtubule organization during spindle assembly. Microtubules in turn enhance assembly of the matrix. Here we report that the isolated matrix contains known spindle assembly factors such as dynein and Nudel. Using spindle assembly assays in Xenopus egg extracts, we show that Nudel regulates microtubule organization during spindle assembly independently of its function at kinetochores. Importantly, Nudel interacts directly with lamin B to facilitate the accumulation and assembly of lamin-B-containing matrix on microtubules in a dynein-dependent manner. Perturbing either Nudel or dynein inhibited the assembly of lamin B matrix. However, depleting lamin B still allowed the formation of matrices containing dynein and Nudel. Therefore, dynein and Nudel regulate assembly of the lamin B matrix. Interestingly, we found that whereas depleting lamin B resulted in disorganized spindle and spindle poles, disrupting the function of Nudel or dynein caused a complete lack of spindle pole focusing. We suggest that Nudel regulates microtubule organization in part by facilitating assembly of the lamin B spindle matrix in a dynein-dependent manner.
NudE and Nudel (NudE-like) interact with dynein and regulate a diverse array of cellular functions, such as axonal transport and membrane trafficking [1] [2] [3] , that require dynein. In addition, dynein has several mitotic functions, including spindle pole organization, spindle checkpoint control and spindle orientation. Recent studies have shown that NudE and Nudel are involved in the recruitment of dynein to kinetochores in mitosis to regulate chromosome alignment and the spindle checkpoint 4, 5 . Overexpression of the amino terminus of NudE disrupts spindle assembly in mammalian cells 5 , suggesting that, like dynein, NudE and Nudel participate in spindle organization. However, it is unclear whether NudE or Nudel directly regulates microtubule (MT) organization independently of their roles at the kinetochore.
Lamins are type V intermediate-filament proteins that form the nuclear lamina in interphase. They are important for nuclear functions including nuclear envelope assembly, DNA replication and gene expression 6 . Whereas lamins A and C are found primarily in differentiated cells and are not required for cell viability, the ubiquitously expressed lamin B is essential for cell survival. Interestingly, RNA-interference-mediated reduction of lamin B in Caenorhabditis elegans 7 and HeLa cells 8 resulted in spindle defects, chromosome mis-segregation and prometaphase delay. However, these studies could not determine whether lamin B has a direct role in spindle assembly or an indirect one resulting from a failure in regulating interphase nuclear functions.
Using Xenopus egg extracts arrested with cytostatic factor, we have demonstrated a mitosis-specific function of lamin B because depleting lamin B3 (LB3), the major form of lamin B in Xenopus eggs, causes defects in spindle assembly that can be rescued by bacterially expressed and purified LB3 protein 8 . The spindle-associated LB3 exists in a membranous, matrix-like network whose assembly requires RanGTP and is enhanced by MT assembly. Because LB3 mutants known to disrupt nuclear lamina assembly also disrupt mitotic spindle assembly, LB3 seems to facilitate MT organization in the spindle as one of the structural components of the spindle matrix 8,9 . Dynein and Nudel are known to mediate the transport, assembly and organization of the cytoplasmic intermediate filament proteins such as vimentins 10 and neurofilaments 2 . In fact, Nudel directly interacts with the light chain of neurofilaments (NF-L). After breakdown of the nuclear envelope during mitosis, dynein can mediate the transport of lamin-containing nuclear membrane remnants along the MTs 11, 12 . Because all intermediate filament proteins share conserved structural features, we set out to examine whether Nudel and dynein could facilitate the assembly of the lamin B spindle matrix in a MT-dependent manner during spindle morphogenesis. Immunoprecipitations were performed in the presence of nocodazole to depolymerize MTs. The equivalent of 0.1 and 10 µl of extracts were loaded for input and for immunoprecipitations, respectively, except for the lanes that show LB3 pull-down LB3 itself, in which only the equivalent of 0.2 µl of egg extract was loaded. (e) Bacterially expressed and purified hexahistidine-tagged full-length of Nudel, or its N terminus or C terminus, were analysed by SDS-PAGE followed by Coomassie blue staining. (f) Beads coupled with purified GST-full-length LB3 pulled down purified 6His-Nudel. GST-coupled beads or empty beads served as controls. Comparable amounts of GST and GST-LB3 were loaded on the beads, as judged by Coomassie blue staining. Fractions of 0.033% of the input Nudel and 33% of the precipitate were used for western blotting (WB). (g) Beads coupled with purified GST-LB3-Rod pulled down more 6His-Nudel than beads coupled with GST-LB3T. GST-bound beads or empty beads served as controls. Fractions of 0.016% of the input Nudel and 16% of the precipitate were loaded for western blotting. (h) Beads coupled with purified GST-LB3-coil2, but not GST-LB3-coil1, pulled down 6His-Nudel. Fractions of 0.033% of the input Nudel and 16% of the precipitate were loaded for western blotting. (i) Beads coupled with either purified GST-LB3-Rod or purified GST-LB3-coil2, but not GST-LB3-coil1, pulled down purified 6His-C-Nudel. (j) Beads coupled with purified GST-LB3-Rod, GST-LB3-coil1 or GST-LB3-coil2 all failed to pull down 6His-N-Nudel. In both (i) and (j), 0.041% of the input Nudel and 33% of the precipitate were loaded for western blotting. A least three experiments were performed for each interaction study.
Supplementary Information, Fig. S4 and Table S1 ). Because proteomic analyses are not quantitative and may miss or falsely identify proteins, we also analysed the isolated matrix by immunoblotting to assess the relative retention of dynein and Nudel on the matrix in comparison with tubulin, TPX2 (an MT binding protein essential for spindle assembly 30 and LB3. Consistent with our earlier findings 8 was our observation that the isolated matrix was completely disassembled in the presence of detergent (Triton X-100). The matrix failed to assemble in the absence of RanGTP even when there was robust MT assembly as stimulated by dimethylsulphoxide (DMSO). Both dynein and Nudel were present on the isolated matrix and they showed similar retention to that of LB3, whereas the vast majority of tubulin and TPX2 were not retained ( Fig. 2a ). Immunofluorescence analyses revealed that both dynein and Nudel showed similar distributions on spindles and spindle matrices to LB3 ( Fig. 2b-e ). Therefore both dynein and Nudel are components of the lamin B spindle matrix.
Nudel regulates spindle assembly independently of its role at kinetochores
Previous studies of Nudel in mitosis have focused on its kinetochore functions 4, 5, 16 . We used the AurA-bead assay, which does not involve chromosomes 15 , to test whether Nudel regulates spindle assembly independently of kinetochores. Typically, AurA beads began to nucleate MT asters after 1-3 min. These early asters had long MT arrays with no obvious bright MT core surrounding the beads (Fig. 3a , early aster). The early asters were transformed into late asters between 3 and 9 min with increasing MT intensity ( Fig. 3a , compare arrowheads in the early and late asters) and a clear bright MT core appearing around the AurA beads ( Fig. 3a , white dashed circle outlining the bright MT core). Then the astral array of MTs began to shrink between 6 and 11 min, which was accompanied by the expansion of the bright MT core surrounding the AurA beads, resulting in the formation of a ball-like MT structure ( Fig. 3a, b ; MT balls are outlined by the white dashed circles in Fig. 3a ). Using the ratio MT structures (spindle + aster) were retrieved using a magnet. After depolymerization of MTs with nocodazole and XB buffer washes, the matrix associated with beads in RanGTP reactions was either analysed directly by SDS-PAGE (matrix) or treated with 0.5% Triton X-100 (Matrix + TX100) and analysed. Matrix failed to assemble when MT assembly was stimulated by DMSO and then depolymerized (DMSO). Western blotting analyses showed that the isolated matrix retained lamin B3 (LB3), Nudel and dynein. In contrast, the vast majority of TPX2, and also tubulin, was removed from the matrix after MT depolymerization. (b) Localization of Nudel and LB3 on spindles. Nudel and LB3 were detected with rabbit anti-Nudel and mouse anti-LB3 antibodies, respectively. (c) Localization of dynein and LB3 on spindles. Dynein and LB3 were detected with the mouse monoclonal antibody 74.1 (detecting the dynein intermediate chain) and the rabbit anti-LB3 antibody, respectively. (d) Localization of Nudel and LB3 on the matrix (e) Localization of LB3 and dynein on the matrix. Images shown are typical examples from more than three experiments. Images were acquired with a confocal microscope (Leica SP5). Rhodamine tubulin was used to detect MTs in b-e and numbers in parentheses indicate the laser lines used. Scale bars, 5 µm. between the length of longest astral MT arrays attached to the MT core and the diameter of the bright MT core, we defined a later aster as one having a ratio equal to or greater than one, and a ball-like MT structure as having a ratio less than one. Between 13 and 15 min, most structures were MT balls or spindles; the ratio between the two structures varied, depending on the quality of egg extracts, from 9:1 (poor egg extracts) to 1:1 (good egg extracts) ( Fig. 3a, b ). For a given egg extract, the number of MT balls and spindles remained similar at 13 and 15 min. Reaction times beyond 15 min often resulted in aggregation of MT structures. We therefore focused our analyses on times up to 15 min.
Because overexpression of the N terminus of NudE in tissue culture cells disrupted mitosis 5,17 , we performed the AurA-bead assay in the presence of excess GST-N-Nudel and found that the assembly of both MT balls and spindles was inhibited ( Fig. 3c, d ). In control reactions with GST added on its own, MT balls or spindles were assembled around AurA beads by 13-15 min ( Fig. 3d ; Supplementary  Information, Fig. S5 ). However, in the presence of GST-N-Nudel, most AurA beads had late asters with long astral arrays of MTs (yellow arrowheads in Fig. 3d ) attached to disorganized MT cores (yellow arrow in Fig. 3d ). Similarly to the addition of GST-N-Nudel, depletion of more than 95% of Nudel resulted in a severe blocking of assembly of MT balls and spindles, whereas adding back the purified 6His-Nudel reversed the defects fully ( Fig. 3e ). We found that Xenopus Nudel and NudE share 48% overall amino acid identity and they seem to function redundantly in spindle assembly ( Fig. 3e ; Supplementary Information , and Supplementary Information, Fig. S6a -c) independently of their roles in kinetochores 4, 5, 16 .
Nudel and dynein regulate lamin B assembly on MTs during spindle morphogenesis
We examined whether Nudel and dynein might mediate the MT-dependent assembly of the lamin B spindle matrix 8 . Indeed, LB3 was localized along the astral MT arrays of the early AurA-asters ( Fig. 4a ). A network of LB3 surrounded the MTs by the late aster stage ( Fig. 4a , yellow arrows on the late aster). As astral arrays of MTs shrank, LB3 was enriched on MT structures similar to γ-tubulin ( Fig. 4a ). Depletion of Nudel not only blocked the assembly of MT balls and spindles as expected but also reduced the intensity of the LB3 network surrounding the late asters ( Fig. 4b ; compare the yellow arrows on the late asters in Fig. 4a and Fig. 4b ). Addition of purified 6His-Nudel rescued the transition of late asters into MT balls and spindles ( Fig. 4c ) as well as the LB3 network surrounding MTs ( Supplementary Information, Fig. S7 ). Dynein inhibition by 70.1 antibody produced similar results to Nudel depletion ( Fig. 4c and Supplementary Information). Next we examined the effect of Nudel on LB3 assembly during spindle morphogenesis induced by Xenopus sperm whose membranes had been removed. Xenopus sperm stimulated a consistent transformation of astral MT arrays into bipolar spindles. In the first 5-10 min of reactions, the MT asters induced by sperm had bright MT cores attached to a radial array of MTs ( Fig. 5a ), which began to polarize towards the sperm chromatin from 10 to 20 min, and by about 30 min most MT asters became half spindles ( Fig. 5a ). By 45-120 min, depending on the quality of the egg extracts, 40-80% of sperm chromatin was associated with bipolar spindles (Fig. 5a ).
The Xenopus sperm contained both Nudel and LB3 (Fig. 5b , c), which may have partly compensated for the effect of Nudel depletion from the egg extracts. We found that depleting Nudel did not affect the assembly of MT asters in the first 5 min (data not shown). The asters, however, became disorganized between 5 and 15 min ( Fig. 5d ). By 20 min, whereas the control asters accumulated LB3 network throughout the MT arrays, asters that had assembled in the absence of Nudel had a diminished LB3 network along the MT arrays (compare the white and yellow arrowheads in Fig. 5e ). Although the MT arrays were able to polarize towards the sperm between 20 and 30 min, they were not focused at their minus ends (compare the white and yellow arrows in Fig. 5e ). By 45-120 min, these structures developed further into fence-like parallel MT arrays around the chromatin (unfocused spindles) with a diminished LB3 network on the MTs in comparison with control spindles (Fig. 5f ; compare white and yellow arrows and arrowheads). Both defects of MT organization and diminished accumulation of LB3 could be fully rescued by the purified Nudel ( Fig. 5d-f ).
Using the AurA-bead assay, we found that depleting Nudel caused a significant decrease in LB3 on MT structures in a time window between 6 and 11 min, when the late asters transformed into MT balls and spindles. This decrease could be rescued by Nudel add-back ( Supplementary  Information, Fig. S7 ). Therefore, Nudel could facilitate the assembly of LB3 into spindle matrix by transiently concentrating LB3 on MTs.
Nudel and dynein regulate MT organization and lamin B matrix assembly
To assess the role of Nudel and dynein in assembly of the lamin B matrix, we prepared the matrix in the presence or absence of Nudel. Whereas depleting Nudel inhibited the assembly of matrices containing LB3, the addition of purified Nudel largely rescued the defects (Fig. 6a, right) . Any matrices formed in Nudel-depleted egg extracts were small in comparison with controls, and many AurA beads were not associated with any matrices (Fig. 6a, left) . A similar lack of LB3-matrix assembly was seen when dynein was inhibited by 70.1 antibody (data not shown). We have shown previously that depleting LB3 prevented the association of Eg5 with the spindle matrix, but depleting Eg5 or XMAP215 (an MT binding protein essential for spindle assembly) still allowed the assembly of matrices containing LB3 (ref. 8) . Consistent with this was our observation that inhibiting Eg5 (a kinesin essential for spindle assembly) with Monastrol 19 did not affect the assembly of matrices containing LB3, Nudel or dynein (data not shown). Importantly, depleting LB3 still resulted in the assembly of matrices containing Nudel and dynein ( Fig. 6b ). Like dynein 11 , Nudel is localized to the nuclear envelope during prophase in tissue-culture cells ( Supplementary Information, Fig. S8 ). Nudel and dynein are therefore in close proximity to lamin B at the onset of mitosis, which may facilitate their interaction with lamin B after breakdown of the nuclear envelope to regulate the assembly of the lamin B spindle matrix.
We reasoned that Nudel and dynein could regulate spindle assembly in part by stimulating the assembly of lamin B into the spindle matrix. Lamin B in the spindle matrix might in turn help MT organization. If this were the case, one might expect that depleting LB3 would result in MT disorganization in spindles, but the phenotype would be less severe than after disruption of either Nudel or dynein. Using the AurA-bead assay, we found that unlike disruption of the function of Nudel or dynein, which blocked both MT ball formation and spindle assembly ( Fig. 4) , depletion of LB3 still allowed the formation of MT balls and bipolar spindles ( Fig. 6c ). However, these MT structures were more disorganized than those in controls. Moreover, the MT balls formed in the absence of LB3 had a larger diameter than those formed in control reactions (Fig. 6d ). The bipolar spindles assembled in the absence of LB3 were also more elongated than those in controls ( Fig. 6e ).
Next, we analysed the effect of LB3 depletion on MT organization during spindle morphogenesis stimulated by sperm chromatin. Similarly to our earlier observation, depleting LB3 caused a decrease in normal spindle assembly. Most defective MT structures were multipolar spindles, half spindles, or asters ( Fig. 7 ). In comparison with Nudel depletion (see Fig. 5 ), removal of LB3 from the egg extracts caused less severe defects in minus-end MT focusing. Assembly of MT asters appeared normal in the absence of LB3 before 15 min (Fig. 7a ), whereas MT asters became highly disorganized after 5 min when Nudel was depleted ( Fig. 5d ). After 15 min in the absence of LB3, MT structures became disorganized, with fewer MTs polarizing towards the sperm chromatin than that in mock depletion (compare white and yellow arrows and arrowheads in Fig. 7b ). However, in comparison with Nudel depletion at the same time point, the polarized MTs were less splayed at the minus ends (compare Fig. 7b with Fig. 5e ). Although depletion of LB3 disrupted spindle assembly (Fig. 7c ), instead of having completely unfocused spindle poles as seen in Nudel depletion (Fig. 5f ), defective spindles formed in the absence of LB3 had partly focused but often multiple poles (Fig. 7c) .
Quantitative western blotting revealed that 95-99% of LB3 was depleted in the above experiments. Because LB3 is a structural protein, not an enzyme, the remaining 2-10 nM LB3 (LB3 concentration in egg extracts is about 200 nM) is most probably insufficient to perform a structural role. Indeed, similar spindle assembly defects occurred when less than 95% of LB3 was depleted in both the sperm and the AurA-bead-based assays ( Supplementary Information, Fig. S9a-e ). Thus, defective structures formed after LB3 depletion are not due to partial loss of LB3.
DISCUSSIoN
Our studies suggest that Nudel and dynein function upstream of LB3 to promote the assembly of LB3-containing spindle matrix in a MT-dependent manner. We show that Nudel is required for transiently concentrating LB3 onto MTs, probably through dynein-mediated transport of LB3 towards the minus ends of MTs. This could promote both LB3 self-association and the association of LB3 with other components of the spindle matrix. Very little is known about the polymerization state of lamin or about its mechanism of regulation in the interphase nuclear lamina or in the mitotic spindle. The finding that Nudel interacts with lamin B should help in further studies of the mechanism of lamin B assembly in mitosis. Both Nudel and dynein have been found to participate in the organization of vimentin 10 and neurofilaments 2 in the interphase cytoplasm of tissue culture cells and in neurons, respectively. In neurons, Nudel interacts directly with NF-L. Here we show that Nudel interacts with yet another intermediate filament, lamin B. Importantly, we show that Nudel interacts directly with the region of lamin B that is conserved among all intermediate filament proteins. By interacting with both the intermediate filaments and MTs, Nudel and dynein may have a general role in coordinating the functions of the two cytoskeletal structures in animal cells.
Dynein functions in spindle pole focusing in animal cells 18, 20, 21 . Our findings suggest that the dynein pathway regulates spindle pole organization, in part, by facilitating the assembly of lamin B into the spindle matrix in a MT-dependent manner. Dynein is also known to facilitate the transport of NuMA to minus ends of MTs, where NuMA helps to focus the minus ends into spindle poles 21 . We have shown previously that NuMA localizes to the lamin-containing spindle matrix 8 . The dynein pathway may therefore regulate spindle matrix assembly by targeting multiple components of the matrix, including lamin B and NuMA, to orchestrate spindle organization.
Nudel and dynein also have a well-established role in regulating membrane trafficking along MTs. Because we have shown that lamin B spindle matrix contains membranes and is disrupted by detergent, it is tempting to speculate that Nudel and dynein may use MTs to concentrate and incorporate multiple spindle matrix components, including lamin B, NuMA and certain membrane compartments, into a functional spindle matrix. Such type of matrix may not only help MTs to regulate chromosome segregation but also use MTs to regulate the partitioning of cell fate determinants and membrane systems during cell division. Consistent with this, membrane-associated enzymes have been shown to regulate spindle morphogenesis 9,22-24 . Moreover, our mass-spectrometry analyses of the isolated lamin B spindle matrix have identified both spindle assembly factors and proteins with known functions in membrane trafficking and in cell fate determination (Supplementary Information, Table S1 ).
Conceptually, it is interesting to consider that the spindle matrix might organize the cell during mitosis in a similar manner to the interphase nucleus ( Supplementary Information, Fig. S10 ). The interphase nuclear lamina helps to organize nuclear structure and function through its interactions with transcription and replication machineries 25, 26 . By binding to the nuclear envelope proteins, such as Man1 and nesprins, the nuclear lamina also mediates the connection between the nucleus and the cytoplasmic membrane systems as well as the cytoskeleton 27 . Although the nuclear envelope and lamina undergo disassembly in mitosis, it is possible that many components of the disassembled nucleus become organized into the mitotic spindle matrix to facilitate the organization of the membrane system and nuclear content for cell division.
Interestingly, in lower eukaryotes that undergo 'closed' mitosis with the spindle assembled inside the intact nuclear envelope, dynein is required for nuclear movement and mitotic spindle and/or nucleus orientation, but not for spindle assembly itself 28, 29 . The lack of an obvious requirement for dynein in 'closed' mitosis could be because that the intact mitotic nucleus functions as the spindle matrix to organize both the nuclear and cytoplasmic contents for division ( Supplementary Information,  Fig. S10 ). Our studies suggest that one important function of dynein and Nudel in animal cell mitosis in which the nuclear envelope breaks down ('open' mitosis) is to help organize a membranous lamin B matrix that resembles the nuclear envelope and lamina.
METHoDS
Isolation of spindle matrix. The spindle matrix was isolated as described previously 8 , with modifications (see Supplementary Information) . Typically, matrix preparation from 2 ml of cytostatic factor arrested (CSF) egg extracts yielded 100-400 µg of proteins.
Mass spectrometry and MS/MS data analyses.
Mass spectrometry analyses were performed with a LCQ-Deca or LTQ-Orbitrap mass spectrometer (ThermoFinnigan). Tandem mass spectra were extracted from raw files and used to search the database (detailed descriptions are provided in Supplementary Information). Only proteins identified from two independent matrix preparations were considered as candidate components of the matrix.
Plasmids, proteins and antibodies.
Various GST-tagged and double hexahistidine (6His)-tagged LB3 and Nudel fusion constructs were made by using either pGEX-4T-1 or pET-28a vector. All proteins were expressed in BL21plysS, BL21-CondonPlus (DE3)-RIPL (catalogue no. 230280; Stratagene) or ArcticExpress (DE3)RP (catalogue no. 230194; Stratagene) competent cells by induction with isopropyl β-d-thiogalactoside at 13 °C overnight, 25 °C for 5 h or 37 °C for 3 h (see Supplementary Information). Rabbits and/or chickens were used to generate antibodies against Xenopus Nudel and LB3. The antibodies were affinity purified against the respective antigens (details are provided in Supplementary Information).
Protein interaction studies. For reciprocal immunoprecipitation in HEK293T cells, the cells were transfected with pFLAG-hLB1 and pEGFP-hNudel plasmids (control cells were transfected with pFLAG vector and pEGFP-hNudel) or pUHD-hNudel (expresses Flag-hNudel) and pEGFP-hLB1 plasmids (control cells were transfected with pUHD vector and pEGFP-hLB1). At 10-12 h after the addition of nocodazole, Flag M2 affinity resin (catalogue no. A2220; Sigma) was used for immunoprecipitation. Various fragments of LB3 fused to GST were captured by the GST beads and used for incubation with various fragments of Nudel tagged with 6His. After the beads were washed, western blotting was used to detect the 6His-tagged Nudel. All steps including washes were performed in the cold room at 4 o C. To determine the binding affinity between the coiled 2 domain of LB3 and Nudel, purified full-length Nudel was coupled to the chip through amine coupling. LB3-coil2 was injected at 50 µl min −1 for 3 min at increasing concentrations (see Supplementary Information for details). The equilibrium response data were fitted to a 1:1 binding site model to obtain the K D , which was about 50 µM.
Egg extract manipulations and image acquisition. For immunoprecipitations, fresh egg extracts that were able to make spindles in the presence of RanGTP or RanGTP plus AurA-beads were used. Non-immunized rabbit IgG (Sigma), anti-Nudel antibody or anti-LB3 antibody (each at 30 µg) was bound to 15 µl of settled Affi-Prep protein A beads (catalogue no. 156-0005; Bio-Rad). After being washed with XB buffer, the beads were added to 100 µl of egg extracts in the presence or absence of nocodazole (to depolymerize microtubules) and incubated for 1 h, with rotation. The beads were then washed four times with 1 ml each of XB buffer (10mM Hepes, pH7.7, 50 mM sucrose, 100 mM KCl, 1 mM MgCl2, 0.1 mM CaCl2, and 5 mM EGTA.) plus 0.1% Nonidet P40. The bound proteins were analysed either by conventional western blotting or with the One-Step Complete IP-Western Kit (GenScript Corporation).
To immunodeplete Nudel and NudE from 100 µl of egg extracts, 50-100 µl of protein A Dynabeads slurry (catalogue no. 100.02; Invitrogen) was bound to 60-100 µg of either rabbit control IgG or anti-Nudel antibody. More than 95% of Nudel/NudE was removed from the egg extracts. The endogenous Nudel/ NudE concentration in egg extracts was estimated to be 50-100 nM by analysing the proteins on the control IgG beads and Nudel antibody beads by SDS-PAGE followed by staining with Coomassie blue. Bovine serum albumin was used as a standard. We found that our Nudel and NudE antibodies recognized the purified 6His-Nudel/NudE much better than the proteins in the egg extract, which could have been due to post-translational modifications masking certain epitopes. For add-back experiments, purified 6His-Nudel was added to the egg extracts to the estimated endogenous Nudel concentration (50-100 nM). Monoclonal antibody against LB3 was used to detect LB3-containing matrices in the Nudel depletion and add-back experiments.
To immunodeplete LB3 from 100 µl of egg extracts, 100 µl of protein A Dynabeads slurry was bound to 100 µg of either rabbit control IgG or anti-LB3 antibody raised against LB3T; 95-99% of LB3 (estimated at about 200 nM) was removed from the egg extracts.
To inhibit dynein, 70.1 ascites (catalogue no. D5167; Sigma) or control ascites NS-1 (catalogue no. M8273; Sigma) were dialysed against XB buffer and concentrated with Millipore's Amicon Ultracentrifugal filter devices to a final concentration of 1-10 mg ml −1 of antibody. A final concentration of 0.05-0.2 mg ml −1 of each antibody was added to the egg extracts to inhibit dynein without completely disrupting MT aster assembly. We found increasing disruption of MT asters with increasing concentration of 70.1 antibody. When 70.1 antibody was added at a final concentration of 0.5-2 mg ml −1 , no or few MTs were found to associate with AurA beads. Because the secondary antibody can recognize mouse IgM, for immunostaining we directly labelled anti-LB3 and anti-γ-tubulin antibodies with Zenon Alexa Fluor 488 (catalogue no. Z25302; Invitrogen) and 647 (catalogue no. Z25308; Invitrogen) rabbit IgG labelling kits. To inhibit Eg5 in egg extracts, monastrol at a final concentration of 100 µM was used.
Spindle assembly assay and assay for matrix formation were performed as described previously 8 , with some modifications. In brief, to make AurA beads, 20 µl of protein A Dynabeads slurry (Invitrogen) was coupled with 20-30 µg of antibody against Xenopus AurA (also called Eg2). After washes, the beads were resuspended in 50 µl of XB buffer. To induce spindle assembly, 1 µl of such resuspended AurA-beads was added to 100 µl of egg extracts and incubated at 4 °C, with rotation, for 30 min. This corresponds to a 1:250 dilution of the beads from the original slurry. Then GST-RanL43E (1 mg ml −1 final concentration), energy mix and rhodamine tubulin were added to the egg extracts and incubated at 22-25°C for 3-15 min. In general, the spindle matrices are fragile and easily fragmented, especially when the quality of egg extracts is not good. We found that the amount of AurA beads used affected the size of MT balls and spindles as well as matrix assembly. As the concentration of AurA beads in the egg extracts increased, there was a corresponding decrease in the size of MT balls and in the quality of spindles and matrices. We routinely used a 1:250 to 1:400 dilution of the beads (from the slurry). We found that at 1:100 dilution, only small asters and weak spindles (with a few microtubules) were assembled, and after MT deplymerization very few matrices could be detected.
All images shown were acquired on a Leica SP5 confocal microscope at 12-bit resolution with four-line averaging. To quantify the amount of LB3 on MT structures stimulated by AurA beads, 25-50 randomly selected structures for each experimental condition were captured with a Hamamatsu camera (C4742-98) driven by the Metamorph software in rhodamine (for MT) and fluorescein (for LB3) channels (chicken anti-LB3 antibody was used for these experiments to avoid the staining of the rabbit Aurora A antibody on the beads). The fluorescence intensity of the structure and the background was measured in each channel. After background subtraction, the LB3 intensity was divided by the MT intensity and used to compare the amount of LB3 on different structures under different experimental conditions. Note: Supplementary Information is available on the Nature Cell Biology website. Fig. 2a and Supplementary  Information, Table 1 ). S.W. analysed the effects of Nudel on lamin B loading onto microtubules ( Supplementary Information, Fig. S7) . B.L. and J.R.Y. conducted the mass-spectrometry analyses of the spindle proteome. Y.Z. wrote the manuscript with L.M. and X.Z.
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Figure S1 Interaction between human lamin B1 and Nudel in HEK293T cells. Nudel and lamin B1 were tagged with either FLAG or GFP and expressed in HEK293T cells. Cells were arrested using nocodazole to enrich for mitotic cells and the cell lysates were used for immunoprecipitation using FLAG antibody-coupled beads. Anti-GFP antibody was used to probe whether FLAG-beads could pull down the GFP-tagged protein. Either actin or tubulin was used as loading controls.
entary Figure S1 Supplementary Table S1 for details). More than a quarter of identified proteins are either uncharacterized or poorly characterized. (b) A list of some spindle assembly factors (SAF), signaling molecules (Signaling), transcription factors (Transcription), and proteins involved in membrane trafficking (Membrane) found in the matrix proteome. Red asterisks indicate proteins that have been confirmed as matrix components by immunostaining and/or Western blotting analyses (data not shown). Consistent with the membranous nature of the matrix, mass-spectrometry identified LB3 as well as a number of proteins involved in membrane trafficking. Among the known spindle assembly factors (SAF) identified, Eg5 and XMAP215 were previously shown as components of the mitotic lamin B-containing matrix. In addition to a large number of proteins that have not been characterized previously, the matrix proteome contains proteins with known or predicted functions in regulating cell polarity, cell signaling, and transcription during animal development. Harbor, WA). The desalting column was washed with buffer containing 95% water, 5% acetonitrile, and 0.1% formic acid. After desalting, a 100-µm i.d capillary with a 5-µm pulled tip packed with 10 cm 3-µm Aqua C18 material (Phenomenex, Ventura, CA) followed by 3 cm 5-µm Partisphere strong cation exchanger (Whatman, Clifton, NJ) was attached to the filter union and the entire split-column (desalting column-filter unionanalytical column) was placed inline with an Agilent 1100 quaternary HPLC (Palo Alto, CA) and analyzed using a modified 12-step separation described previously (Washburn et al., 2001) . The buffer solutions used were 5% acetonitrile/0.1% formic acid (buffer A), As peptides eluted from the microcapillary column, they were electrosprayed directly into an LCQ-Deca or LTQ-Orbitrap mass spectrometer (ThermoFinnigan, Palo Alto, CA) with the application of a distal 2.5 kV spray voltage. A cycle of one full-scan mass spectrum followed by 3 data-dependent MS/MS spectra at 35% normalized collision energy was repeated continuously throughout each step of the multidimensional separation. Application of mass spectrometer scan functions and HPLC solvent gradients were controlled by the Xcaliber datasystem.
Supplementary Figure S2
SAF
Database Search and Interpretation of MS/MS Data
Tandem mass spectra were extracted from raw files. The tandem mass spectra were searched against a target protein database comprised of the following sets of proteins: Xenopus laevis and Xenopus tropicalis proteins from NCBI, Xenopus tropicalis predicted proteins (v4.1) from JGI (Joint Genome Institute), human, mouse and rat IPI proteins from EBI (European Bioinformatics Institute), for a total of 196,321 proteins. To calculate confidence levels and false-positive rates, we used a decoy database containing the reverse sequences of the 196,321 proteins appended to the target database (Peng et al, 2003) , and the SEQUEST algorithm (Eng et al, 1994) to find the best matching sequences from the combined database.
SEQUEST searches were done on an Intel Xeon 80-processor cluster running under the Linux operating system. The peptide mass search tolerance was set to 50 ppm for LTQ-Orbitrap data or 3 amu for LCQ-Deca data. No differential modifications were considered. The mass of the amino acid cysteine was statically modified by + 57.02146
Da, due to carboxyamidomethylation of the sample. No enzymatic cleavage conditions were imposed on the database search.
The validity of peptide/spectrum matches was assessed in DTASelect (Tabb et al.,
2002) using SEQUEST-defined parameters, the cross-correlation score (XCorr), and normalized difference in cross-correlation scores (DeltaCN). The distribution of XCorr and DeltaCN values for (a) direct and (b) decoy database hits was obtained, and the two subsets were separated by quadratic discriminative analysis. The discriminative score was set such that a false-positive rate of 5% was determined based on the number of accepted decoy database peptides.
De novo and BLAST Analysis of MS/MS Data
The procedure of de novo peptide sequence and BLAST analysis is as following.
Tandem mass spectra were used to first search against the target database containing "Xenopus, human, rat, and mouse" protein sequences using SEQUEST. SEQUEST search hits were filtered by using DTASelect to get a list of identified proteins. Tandem mass spectra matched to the identified proteins were removed. The remaining tandem mass spectra were used for de novo sequencing using PepNovo software (Frank et al., 2005) .
The outputs from PepNovo analysis were filtered with the criteria that the number of consecutive amino acids should be at least 6 and the average probability score is at least 0.9. PepNovo outputs were used to BLAST against the "Xenopus, human, rat, and mouse" protein sequence database (Altschul et al., 1997). BLAST search hits to Xenopus 100, 1mM PMSF) per culture and sonication on ice. After clarifying the lysates in a SS34 rotor at 15K rpm at 4 o C for 30', the supernatants were snap frozen as small aliquots in liquid nitrogen and stored at -80 o C.
For each protein pull-down, 20 µl of settled GST beads were blocked with 500 µl of binding buffer (50 mM HEPES, pH 8.0, 1 mM EGTA, 1 mM MgCl2, 100 mM NaCl) containing 4% BSA at 4 o C with rotation for 30'. The beads were then incubated with bacterial lysates diluted to a final volume of 500 µl with the binding buffer containing 1% BSA, 1mM DTT, 0.1% NP-40, 1mM PMSF for 20' at 4 o C. In each pull-down, 10-12 µg of GST-fusion proteins were captured by the GST beads. 12 µg each of the purified 6His-XNudel, 6His-N-XNudel, or 6His-C-XNudel proteins were added to the GST bead mixture and incubated with rotation for another 2 h at 4 o C. The beads were washed four times with 1 ml of binding buffer containing 0.1% NP-40 and analyzed by Western blotting probing with anti-6His antibody (1:1000 dilution) to detect Nudel. All steps including washes were carried out at 4 o C.
For reciprocal immunoprecipitation in HEK293T cells, the cells were transfected with 10 µg each of pFLAG-hLB1 and pEGFP-hNudel plasmids (control cells were transfected with pFLAG vector and pEGFP-hNudel) or pUHD-hNudel (expresses FLAG-hNudel) and pEGFP-hLB1 plasmids (control cells were transfected with pUHD vector and pEGFP-hLB1). 30~36 h after transfection, nocodazole was added to the medium to a final concentration of 400 ng/ml. Cell lysates were made in lysis buffer (50 mM Tris-HCl, pH7.4, 250 mM NaCl, 1 mM EDTA, 50 mM NaF, 1 mM DTT, 0.1% TritonX-100, and protease inhibitors) 10~12 h after nocodazole addition. 20 µl of settled anti-FLAG M2 affinity resin (Sigma, A2220) was used for immunoprecipitation. The immunoprecipitates were washed 4 times with 1 ml each of wash buffer (50 mM Tris-HCl, pH7.4, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.1% NP-40) and analyzed by Western blotting, probing with antibodies against GFP (rabbit, Santa Cruz, #8334), FLAG (mouse, Sigma, F1804), β-actin (mouse, Sigma, A1978), or α-tubulin (mouse, Sigma, T6199).
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